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Abstract: Anthocyanin is the crucial pigment for the coloration of red chrysanthemum flowers, which
synthesizes in the cytosol and is transported to the vacuole for stable storage. In general, glutathione
S-transferases (GSTs) play a vital role in this transport. To date, there is no functional GST reported
in chrysanthemums. Here, a total of 94 CmGSTs were isolated from the chrysanthemum genome,
with phylogenetic analysis suggesting that 16 members of them were clustered into the Phi subgroup
which was related to anthocyanin transport. Among them, the expression of CmGST1 was positively
correlated with anthocyanin accumulation. Protein sequence alignment revealed that CmGST1
included anthocyanin-related GST-specific amino acid residues. Further transient overexpression
experiments in tobacco leaves showed that CmGST1 could promote anthocyanin accumulation.
In addition, a dual-luciferase assay demonstrated that CmGST1 could be regulated by CmMYB6,
CmbHLH2 and CmMYB#7, which was reported to be related to anthocyanin biosynthesis. Taken
together, we suggested that CmGST1 played a key role in anthocyanin transport and accumulation
in chrysanthemums.

Keywords: chrysanthemum; glutathione S-transferases; anthocyanins; transport

1. Introduction

The chrysanthemum (Chrysanthemum morifolium Ramat.) is one of the most popular
ornamental plants in the world and flower color is a crucial trait for its commercial value [1].
Flower color is mainly contributed to by flavonoids, carotenoids and betalains [2]. Among
them, anthocyanins, which belong to flavonoids, accumulate in red chrysanthemums.

Anthocyanins are one of the most important secondary metabolites and serve to
protect plants from pathogen attacks and ultraviolet radiation damage [3,4]. Anthocyanins
are synthesized in the cytosol and then transported into the vacuole for stable storage [5,6].
Biosynthetic genes in this process include chalcone synthase (CHS), chalcone isomerase
(CHI), favanone 3-hydroxylase (F3H), flavonoid 3′-hydroxylase (F3′H), favonoid 3′, 5′-
hydroxylase (F3′5′H), dihydrofavonol 4-reductase (DFR), anthocyanidin synthase (ANS),
and UDP-glucose: favonoid-3-O-glucosyltransferase (UFGT). The studies on the structural
genes of the synthesis pathway of anthocyanin are relatively clear, but there are still
uncertainties about the transport mechanism of anthocyanin in chrysanthemums. Based
on the previous results, there are two modes which have been proposed for anthocyanin
transport: vesicle trafficking-mediated transport and membrane transporter-mediated
transport [6]. In both modes glutathione S-transferases (GSTs) play a key role [6].

It is generally accepted that GSTs play an important role in the cellular redox con-
trol and detoxification of heavy metals, electrophilic xenobiotics, and the control of toxic
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by-products in normal plant metabolism [7,8]. There are seven subgroups functionally
characterized in the GST family, including Tau, Phi, zeta, theta, Dehydroascorbate re-
ductase, TDL, and Lambda [9], where the anthocyanin-related GSTs belong to the Phi
subgroup [10]. As for transport mechanisms, several studies suggested that GST promoted
the accumulation of anthocyanins such as Bz2 in maize, by catalyzing the formation of
the glutathione-conjugated complex [11]. However, more evidence showed that GSTs
could not catalyze the formation of the glutathione-conjugated complex but promoted
the vacuolar sequestration of anthocyanins, such as AN9 in petunias [12], TT19 in Ara-
bidopsis [10], and VvGST1 and VvGST4 in grapvines [13]. Based on these findings, GSTs
might act as a carrier to transport anthocyanin [6,14]. In recent years, many anthocyanin-
related GSTs in different species have been identified. The gene MdGSTF6 encoded an
important GST transporter of anthocyanins in apple fruit [15]. The gene PpGST1 played
an important role in the color difference between ‘Hujingmilu’ and ‘Yulu’ [16]. The genes
LhGST and GhGSTF12 played an important role in the transport of anthocyanin in lily
and cotton, respectively [17,18]. However, anthocyanin transport-related GSTs were rarely
reported in ornamental horticulture. Therefore, an anthocyanin-related GST is reported in
chrysanthemums in this study.

In this study, we screened 94 GSTs from the chrysanthemum genome and identified
CmGST1 (Cse sc027179.1 g030.1/pd) in relation to anthocyanin in chrysanthemums, accord-
ing to the transcript level in the flower developmental stages of the red chrysanthemum.
It was localized in both the membrane and the nucleus. The gene CmGST1 promoted
anthocyanin accumulation via the sequestration of glycosylated anthocyanin, based on
the transient overexpression results in tobacco leaves. Furthermore, the transcript activity
of the CmGST1 promoter was regulated by anthocyanin-related transcription factors, in-
cluding CmMYB6, CmbHLH2 and CmMYB#7. Taken together, CmGST1 was responsible for
anthocyanin transport in chrysanthemums and affected anthocyanin accumulation.

2. Materials and Methods
2.1. Plant Materials

The Chrysanthemum red series cultivar ‘Monalisa pink’ was obtained from Yunnan
Fengdao Floriculture Company (Yunnan, China). The flowers were divided into 3 stages,
which represented flower bud stage (stage 1, S1), half-bloom stage (stage 2, S2) and full-
bloom stage (stage 3, S3), respectively. Among them, S2 and S3 included ray flowers and
disc flowers. The ray flowers were named S2-R and S3-R and the disc flowers were named
S2-D and S3-D, respectively. Three independent biological replicates were collected for
each stage. The collected samples were immediately frozen in liquid nitrogen and then
stored at −80 ◦C until used.

2.2. Extraction of RNA and DNA

Total RNA was extracted from chrysanthemum flowers using the CTAB method [19].
For tobacco leaves, total RNA was extracted using an RNAiso Plus (Takara, Japan) accord-
ing to the manufacturer’s instructions. Genomic DNA was isolated from chrysanthemum
leaves by Easy Plant Genomic DNA Extraction Kit (Easy-Do, Hangzhou, China) according
to the manufacturer’s instructions.

2.3. cDNA Synthesis and qRT-PCR

First-strand cDNA was synthesized using PrimeScriptTM RT reagent Kit (Takara,
Japan). RT-qPCR reactions were carried out with SsoFast EvaGreen Supermix kit (Bio-
Rad, Hercules, CA, USA) using a CFX96 instrument (Bio-Rad, Hercules, CA, USA). The
RT-qPCR program was initiated with the preliminary step of 3 min at 95 ◦C, followed by
45 cycles of 95 ◦C for 10 s, 60 ◦C for 30 s, 95 ◦C for 10 s, and then a continuous increase
from 65 ◦C to 95 ◦C with a ramp rate of 0.5 ◦C/s for dissociation curve analysis. Data were
analyzed and relative expression levels of the genes were calculated using the 2 (−44Ct)

method and using expression of the CmActin [1] as the internal control. The primers for
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RT-qPCR analysis were listed in Table S1. Three biological replicates were performed in
this experiment.

2.4. Phylogenetic Analysis of CmGSTs

CmGSTs were identified from Chrysanthemum genome (http://mum-garden.kazusa.
or.jp Accessed on 6 August 2021). All amino acid sequences were used for constructing
a phylogenetic tree, together with anthocyanin-related GSTs from other species. A phy-
logenetic tree was constructed by IqTree software with a bootstrap value of 1000 using
maximum likelihood method.

2.5. Isolation and Sequence Analysis of CmGST1

CmGST1 sequences were isolated from cDNA of ‘Monalisa Pink’ flowers. The primers
were designed according to RNA-seq (Table S2). According to a partial cDNA sequence,
full-length cDNA sequence of CmGST1 was amplified by RACE (rapid amplification of
cDNA ends, Clontech, Mountain view, CA, USA).

The protein sequences were translated for sequence alignments by ExPASy (https:
//web.expasy.org/translate/ Accessed on 6 August 2021). The homologous comparison
with anthocyanin-related GSTs was analyzed by DNAMAN 8. The anthocyanin-related
GSTs from other species were from Genbank.

2.6. Vector Construction

Primers for vector construction were listed in Table S2. For overexpression, CmMYB6-
bHLH2 and CmGST1 were cloned and inserted into pGreenII 0029 62-SK vector (CmMYB6-
bHLH2-SK, CmGST1-SK). For subcellular location analysis, the CmGST1 full-length coding
sequence without the stop codon was fused to the pCAMBIA1300-eGFP vector (CmGST1-
eGFP). Then, all of these constructs were electroporated into Agrobacterium tumefaciens
strain EHA105 by the GenePulser XcellTM Electroporation Systems (Bio-Rad, Hercules,
CA, USA). For dual-luciferase report assay, CmMYB6, CmbHLH2 and CmMYB#7 were
cloned and inserted into pGreenII 0029 62-SK vector (CmMYB#7-SK), and the promoter of
CmGST1 (2000bp) was constructed into pGreen II 0800-LUC vector (CmGST1-LUC). Then,
CmGST1-eGFP, CmMYB6-SK, CmbHLH2-SK, CmMYB#7-SK and CmGST1-LUC were
electroporated into Agrobacterium tumefaciens strain GV3101 by the GenePulser XcellTM
Electroporation Systems (Bio-Rad, Hercules, CA, USA).

2.7. Subcellular Location Analysis

The CmGST1-eGFP-GV3101 was fused to the membrane localization marker ex-
pressed transiently in transgenic N. benthamiana (with nucleus-located marker) leaves
by infiltration. The cultures were adjusted OD600 to 0.75 with infiltration buffer (10 mM
MES, 10 mM MgCl2, 150 mM acetosyringone, pH 5.6). The N. benthamiana leaves were
observed using laser-scanning confocal microscope (Zeiss, lsm 880, Germany) 2 days
after injecting.

2.8. Measurement of Anthocyanin

The anthocyanin contents of chrysanthemum flowers and tobacco leaves were detected
by the pH differential spectrophotometry method described in our previous study [1].
Flower anthocyanin contents were extracted from 0.1 g samples of methanol/0.05% HCl
at an absorbance of 510 and 700 nm. Three biological replicates were performed in this
experiment.

2.9. Transient Overexpression on Tobacco Leaves

In order to verify the function of CmGST1 in inducing anthocyanin biosynthesis,
transient overexpression in tobacco leaves (Nicotiana tabacum) was conducted as described
in previous reports [20]. The Agrobacterium cultures with empty vectors, CmGST1 and
CmMYB6-bHLH2, mixed with an empty vector or CmGST1, were infiltrated into tobacco
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leaves, respectively. The patches in tobacco leaves were photographed 7 days after infiltra-
tion, then cut into pieces and frozen in liquid nitrogen before the detection of anthocyanin
content. Each assay was carried out in three independent experiments with three biological
replicates for each.

2.10. Gene Cloning and Analysis of the Promoter of CmGST1

Genomic DNA sequences were used for amplifying CmGST1 promoter. The pro-
moter region of CmGST1 was amplified using primers designed by Chrysanthemum
genome (http://mum-garden.kazusa.or.jp Accessed on 6 August 2021) (Table S2). Cis-
elements were predicted using the PlantCARE program (https://bioinformatics.psb.ugent.
be/webtools/plantcare/html/ Accessed on 6 August 2021).

2.11. Dual-Luciferase Report Assay

A dual-luciferase assay was widely used to analyze the transcriptional regulatory
roles of transcription factors on target promoters [21–23]. All constructs were individually
electroporated into Agrobacterium tumefaciens GV3101 (MP90) before being infiltrated into
tobacco leaves (Nicotiana benthamiana). The enzyme activities of firefly luciferase (CmGST1::
LUC) to renilla luciferase (35S::REN) were detected using a Dual-Luciferase Reporter Assay
System (Promega, Wisconsin, MI, USA) and a Modulus Luminometer (Promega, Wisconsin,
MI, USA). The ratio of LUC/REN was calculated to analyze the regulatory effect of the
transcription factor on the promoter. Three independent experiments were carried out with
at least four biological replicates for each.

3. Results
3.1. Identification and Phylogenetic Analysis of CmGSTs

A protein sequence of 94 CmGSTs were screened from the Chrysanthemum genome
(http://mum-garden.kazusa.or.jp Accessed on 6 August 2021) based on annotations. A
maximum likelihood tree was constructed using the Iqtree program, together with GSTs
from Arabidopsis, and reported anthocyanin-related GSTs in other species. These GSTs
were mainly divided into eight groups, where anthocyanin-related genes belonged to a
Phi subgroup which included 16 CmGSTs (Figure 1). Sixteen GSTs were named in order
according to their distance from ScGST3. The gene CmGST1 was clustered into the same
branch as many other reported anthocyanin-related GSTs, such as ScGST3, CkmGST3,
PhAN9, AcGST1, PpRiant1, FvRAP, and MdGST. Other GSTs were clustered into unknown
GSTs from Arabidopsis. Thus, CmGST1 may have been a potential anthocyanin-related
GST in chrysanthemums.

3.2. Anthocyanin Analysis in Different Developmental Stages of ‘Monalisa Pink’ Flower

‘Monalisa Pink’, which accumulated anthocyanin in the petals mainly contained three
developmental stages during the flower development (Figure 2A). The three stages were
named S1, S2 and S3, respectively, where the S2 and S3 were divided into ray flowers
(S2-R, S3-R) and disc flowers (S2-D, S3-D). The total anthocyanin content in S1, S2-D, S3-D
was undetected, but measured 0.024 mg/g and 0.309 mg/g in S2-R and S3-R, respectively
(Figure 2B), consistent with the phenotype in Figure 2A.

3.3. Expression Patterns of CmGSTs of Phi Subgroup in Developmental Stages of ‘Monalisa Pink’
Flower Petals

A total of 16 CmGSTs members were clustered into the Phi subgroup. However, their
expression patterns showed significantly differences during the flower developmental
stages, based on the results of RT-qPCR (Figure 2C). Among them, CmGST1 and CmGST13
exhibited higher expression levels in S2-R and S3-R, compared to S1, S2-D, and S3-D, which
were consistent with a higher phenotype and anthocyanin content (Figure 2A,B), while the
transcript levels of other CmGST members showed a weaker correlation with anthocyanin
accumulation (Figure 2C). It is worth mentioning that the transcript levels of CmGST1

http://mum-garden.kazusa.or.jp
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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were 50 times higher than CmGST13 (Figure 2C). Based on these results, there was stronger
evidence for CmGST1 being related to anthocyanin, rather that CmGST13.

3.4. Sequence Alignment of CmGST1 and CmGST13 in Chrysanthemum

Based on the previous results, most GSTs members clustered in the Phi subgroup con-
tained GST-N-Phi (Thioredoxin-like superfamily) and GST-C-Phi (GST-C-family superfam-
ily) domains, which included the glutathione binding sites (blue boxes, [24], Figure 3). Fur-
thermore, the GSTs involved with anthocyanin transportation still contained anthocyanin-
related GST-specific sites (red boxes) in these domains ([11], Figure 3).
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genome (http://mum-garden.kazusa.or.jp Accessed on 6 August 2021). The GenBank accession
numbers were: PpRiant1 (ALE31199), MdGST (NP_001315851.1), FvRAP (XP_004288578), LcGST4
(ALY05893), VvGST4 (AAX81329), CMGSTF12 (ABA42223), ScGST3 (Senecio cruentus), AtTT19
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The multiple alignments of GSTs showed that CmGST1 included both glutathione
binding sites and anthocyanin-related GST-specific sites, which were highly conserved with
the known anthocyanin-related GST members, while CmGST13 only contained glutathione
binding sites (Figure 3), which indicated CmGST1 was a potential function of GSTs related
to anthocyanin transport.

3.5. Subcellular Localization of CmGST1

To analyze the subcellular localization of CmGST1, a transient expression system
in Nicotiana benthamiana leaves labeled with a nuclear localization marker was used. A
vacuolar membrane localization marker was injected into tobacco leaves together with
35S::CmGST1-GFP, and the empty vector 35S::GFP was set as a control. The leaves were
observed under a laser-scanning confocal microscope 2 days after injection. It showed
that CmGST1-GFP fluorescence was detected in both the vacuolar membrane and nucleus,
combined with a marker (Figure 4) which suggested that CmGST1 was located in the
vacuolar membrane and nucleus.
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3.6. Transient Overexpression of CmGST1 in Tobacco Leaves

Transient overexpression was performed in tobacco leaves to examine the function
of CmGST1 in vivo. Based on the previous studies, abundant anthocyanin could accu-
mulate in tobacco leaves with the transient overexpression of CmMYB6-bHLH2 which
was an activator of anthocyanin transcript regulation [25]. Here, 35S::CmGST1 was in-
jected into tobacco leaves together with 35S:: CmMYB6-bHLH2, and the empty vector
with 35S::CmMYB6-bHLH2 was set as a control. It suggested that the leaves’ coloration,
when co-injected with 35S::CmGST1 and 35S::CmMYB6-bHLH2, were much darker than the
control (Figure 5A), and the anthocyanin content of leaves was 0.3 mg/g and 0.15 mg/g,
respectively (Figure 5B).

Moreover, the relative expressions of overexpressed genes and endogenous antho-
cyanin pathway genes, including biosynthetic and regulatory genes, were measured. The
relative expressions of CmMYB6 and CmbHLH2 were almost at the same level between
the empty vector and CmGST1 combined with CmMYB6-bHLH2 (Figure 5C). Nearly all
structural genes’ relative expressions increased in leaves infiltrated with 35S::CmGST1
and 35S::CmMYB6-bHLH2, compared to the control. When it comes to the transcription
factors, only NtAn1a was upregulated after injecting CmGST1 (Figure 6). This suggested
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that CmGST1 promoted anthocyanin accumulation by sequestration of glycosylated antho-
cyanin, and then activated the anthocyanin pathway genes.
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Figure 5. Transient overexpression of 35S::CmMYB6-bHLH2 together with 35S::CmGST1 in tobacco
(Nicotiana tabacum) leaves. (A) A photograph of tobacco was taken at 7 days after injecting. (B)
Anthocyanin content of tobacco leaves. (C) Transcriptional factors’ relative expressions of transient
overexpression of 35S::CmMYB6-bHLH2 and empty vector or 35S::CmGST1 in tobacco (Nicotiana
tabacum) leaves. Data were means (±SE) from three independent biological replicates. Asterisks
indicate significant differences (* P < 0.05).
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3.7. CmGST1 Promoter Was Regulated by Anthocyanin Related Transcription Factors

The promoter sequence of CmGST1 which contained a 2,000 bp upstream region of
ATG which was analyzed by the PlantCARE online tools (http://bioinformatics.psb.ugent.

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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be/webtools/plantcare/html/ Accessed on 6 August 2021). A total of seven MYB binding
sites and 15 bHLH binding sites were found in the promoter (Figure 7A), as well as some
cis-elements involved with MeJA, ABA, auxin, and light responsiveness (Table S3).
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In the previous study, CmMYB6, CmbHLH2, and CmMYB#7 were confirmed as playing
essential roles in anthocyanin biosynthesis regulation. To study their relationship with
CmGST1, dual-luciferase assays were performed. These assays suggested that CmMYB6
increased the CmGST1 promoter activity significantly by about 13 times compared to the
control, while CmbHLH2 had no effect (Figure 7B). Moreover, the much stronger trans-
activation effect, which was approximately 70 higher times than the effect of the control on
CmGST1 promoter activity, was obtained by CmMYB6 together with CmbHLH2 (Figure 7B).
In addition, CmMYB#7 could reduce these activating effects on the CmGST1 promoter by
CmMYB6 and CmbHLH2 (Figure 7B).

4. Discussion

The enzymes encoded by anthocyanin-related structural genes and transport genes
play a vital role in plants [26]. In transport-related gene families, the role of GSTs cannot be
ignored [6]. The deletion or mutation of GSTs blocks anthocyanin transport and inhibits
anthocyanin accumulation. The Arabidopsis mutant tt19 cannot accumulate anthoyanin [10].
The gene PpRiant1 indicates that a small indel mutation in the Riant causes variegated
colorations of peach flowers [27]. The gene FvRAP demonstrates that RAP encodes the
principal GST transporters of anthocyanins and alters the fruit color in strawberries [28].

In general, the Phi subgroup contained a GST-N-Phi (Thioredoxin-like superfamily)
domain and a GST-C-Phi (GST-C-family superfamily) domain [29]. Moreover, functional
GSTs contained anthocyanin-related GST-specific sites [11]. In cotton leaves, a lack of par-
tially anthocyanin-related GST-specific sites decreased anthocyanin accumulation [30]. In
cyclamen, GSTs without anthocyanin-related sites could not recover anthocyanin accumu-
lation in the Arabidopsis tt19 mutant [11]. In these studies, most anthocyanin-related GSTs
were identified by sequence similarity. Here, both CmGST1 and CmGST13 were clustered
into the Phi subgroup with the conserved amino acid residues sites of the GST family and
specific glutathione binding sites; however, only CmGST1 contained anthocyanin-related
GST-specific sites. According to our analysis, CmGST13 was similar to other anthocyanin-
nonrelated GSTs, especially at anthocyanin-related GST-specific sites [11]. Therefore, we
predicted that CmGST13 could not promote anthocyanin accumulation.

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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Based on the previous results, there were mainly two modes of anthocyanin trans-
port which included vesicle trafficking-mediated transport and membrane transporter-
mediated transport [26,31]. Vesicle trafficking-mediated transport pathways were observed
in many species, such as lisianthus, Arabidopsis, Brassica and sorghum, where glutathione
S-transferases (GSTs) were proven to be relevant to this transport mode [31–33]. For
membrane transporter-mediated transport, glutathione S-transferases (GSTs), ATP bind-
ing cassette (ABC) transporters and MATE transporters were a functional protein family
involved in anthocyanin transport [26]. MATE transporters were mainly involved in
transmembrane transport over short distances, and specifically transported acylated antho-
cyanin [21,34]. GSTs acted as an aid in the ABC-mediated transport mode for long-distance
transport. Moreover, GSTs can function independently as a transporter [26]. This showed
that GSTs played a widespread role in anthocyanin transport. In chrysanthemums, GSTs
and MATEs were regarded as playing a vital role in flower color [35].

Several studies suggested GSTs were regulated by MYBs and bHLHs [15,16,36]. There
were four MYB binding sites in peach (PpGST1), and five MYB binding sites in kiwifruit
(AcGST1) [16,35]. In chrysanthemums, seven MYB binding sites were found in the promoter
of CmGST1 (Figure 7A). There were also 15 potential bHLH binding sites in the promoter of
CmGST1, but CmbHLH2 could not regulate CmGST1 alone, which wasconsistent with other
structural genes such as CmDFR and CmUFGT [37]. The gene CmMYB6 could regulate
CmGST1, either alone or mixed with CmbHLH2, and CmMYB#7 could regulate CmGST1
by competing with CmMYB6. These results showed that CmMYB6 and CmMYB#7 could
regulate not only anthocyanin biosynthesis but also its transport process.

5. Conclusions

The gene CmGST1 was a key anthocyanin-related transporter in chrysanthemums,
whose transcript was positively correlated with anthocyanin accumulation during flower
development. The overexpression of CmGST1 in tobacco leaves promoted anthocyanin
accumulation, and the expression of anthocyanin pathway genes was induced due to
the sequestration of glycosylated anthocyanin. Furthermore, CmGST1 was regulated by
previously characterized MYBs and bHLHs. Coloration is a crucial trait for ornamental
horticulture, and our study provides a new target for flower breeding.
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10.3390/horticulturae7080231/s1, Table S1: Primers used for qRT-PCR, Table S2: Primers used for
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